This article presents a mathematical model for drying thin layer carrot slices (Daucus carota) using a heat pump dryer (HPD). To select the equation that best describes the drying curve, 10 semi-theoretical and/or empirical models were evaluated. The parameters were determined using the Sigma-Plot ® program, and their goodness of fit was compared using the correlation coefficient, R 2 ; Chi-squared, χ 2 ; standard error of the estimate (SEE) and root mean square error (RMSE). Additionally, the effect of the relative moisture, sample thickness and air velocity on the effective diffusivity of the process was evaluated using a response surface tool. Although all the models correctly fit the experimental data, based on the statistical tests, the Wang-Singh model was selected as the best.
Introduction
Regarding the drying process, the term "thin-layer" applies to either a particle suspended freely in the drying air, or one layer of particle or a polylayer of many particles' thicknesses; the temperature and relative moisture of the drying air can be considered to be in the same thermodynamic state during the drying period [1] . Using this definition, any mathematical model for a particle also models the particles drying in a thin layer using any drying method, and the thin layer thickness may change with the velocity, temperature and relative moisture of the drying air.
The thickness of a thin layer increases if the drying air speed increases and when the thermodynamic state of the drying air reaches equilibrium with dry particles in the layer [1] . Due to the thin sample structure, a uniform temperature distribution can be assumed and may be modeled using lumped parameters [2] .
The thin layer equations can be theoretical, semitheoretical or empirical. The first only accounts for internal resistance to the moisture transfer between the product and air, while the others only consider external resistances to this moisture transfer. Theoretical models explain the product's behavior during drying and can be used for all process conditions despite including many assumptions that cause considerable error. The most widely used theoretical models are derived from Fick's second law of diffusion. Similarly, semi-theoretical models are generally derived from Fick's second law and modified to a simplified form. However, using experimental data requires making assumptions, and these theories are only valid within the applied process conditions. Empirical models have similar features to semitheoretical models that strongly depend on the experimental conditions and provide limited information on the product behavior during drying [2] . The carrot is frequently used in studies of different preservation techniques due to its physical characteristics and available modeling and simulation data [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
This article evaluates the experimental data fit for 10 thin layer models and explores the effect that relative moisture, sample thickness and air speed have on the kinetic behavior of dried carrot slices. The kinetic expression was established from analyzing the response surfaces and kinetic parameters controlling the heat pump drying process. Additionally, we determined the effective moisture diffusivity for each experiment and the activation energy of the processes.
Materials and methods
Nantes carrots (Daucus carota L.) were washed and cut into slices 3 cm in diameter and with a thickness of 2, 3 and 4 mm, according to the experimental design. The average initial moisture content of a fresh carrot was 0.8935 ± 0.024 (bh). The heat pump dryer (HPD) (Dártico brand) consisted of a cooling circuit containing a condenser, evaporator, compressor and expansion valve. The drying chamber contained 5 trays (0.36 × 0.36 m). The relative humidity (RH) and air velocity in the HPD were fixed. The drying temperature was directly linked to the RH (Table 1) . A threefactor face-centered central composite design (FCCCD) was used with three repetitions at the central point, as shown in Table 1 . The total weight (trays plus samples) was recorded for 5 hours with 2 min intervals for the first 10 minutes, 5 min intervals for half an hour, 10 min intervals for an hour and a half and 30 minute intervals for the last two hours. Table 2 shows the semi-theoretical models evaluated during the kinetic study [13] . The parameters for each model were estimated using Sigma-Plot ® software. The moisture ratio (MR) value was determined according to the external conditions. If the relative humidity of the drying air is constant during the process, the equilibrium moisture content is also constant. The MR value was calculated using eq. (1).
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where Mi is the initial moisture content (dry basis) obtained by drying in a vacuum oven at a constant weight and at 60ºC, M t is the moisture content (dry basis) at time t based on the recorded weight, and M e is the equilibrium moisture content obtained from the carrot sorption isotherms (dry basis) [14, 15] 
where N is the number of observations, n is the number of constants, MR pred,I is the ith predicted moisture ratio and MR exp,I is the ith experimental moisture ratio.
The Root Mean Squared Error has the advantage that it retains the units of the forecast variable and is thus more easily interpretable as a typical error magnitude. The Chisquared Test is easy to implement (with multivariable data for example) [17] and also quite flexible..
The Henderson-Pabis model was rearranged to determine the diffusivity coefficient based on eq. (6) 
where a is a shape index and, k is the drying constant defined by eq. (7): where D 0 (m 2 /s) is the Arrhenius factor that is generally defined as the reference diffusion coefficient at an infinitely high temperature, E a (kJ/mol) is the diffusion activation energy, and R (kJ/kmolK) is the universal gas constant. Eq. (8) is linear and allows E a to be calculated from the slope. Table 2 shows the parameters for each model that fit the experimental data and Table 3 shows the fit for each model using the statistical parameters from each experiment. In general, all models had high correlation coefficients and low values for the other statistics. The Wang-Singh and modified Henderson-Pabis models exhibited the best values; however, the Wang-Singh model has fewer adjustable parameters. A statistical discrimination study based on nonlinear regression ensures the Wang-Singh equation best fits the data [18] .
Results and discussion
Thin layer equations may be theoretical, semi-theoretical, and empirical models. Semi-theoretical models are generally derived from Fick´s second law of diffusion and are modifications of its simplified forms [2] .
Empirical models used are: The Lewis (Newton) model, which is analogous with Newton´s law of cooling. The Page model modifies the Newton model to get a more accurate model by adding a dimensionless empirical constant (n) [2] .
The models derived from The Weibull, Wang-Singh, Vega-Lemus and Proposed models, are all empirical models. Fig. 1 shows the drying curves and their fit to the WangSingh model for 5 of the 17 experiments. The first number in the code corresponds to the relative humidity (20 and 50%), the second is the thickness (2 and 4 mm), and the last is the air velocity (0.8 and 1.2 m/s). The relative humidity and air velocity affect the drying time; a lower relative humidity and higher velocity provide faster drying times regardless of the sample thickness. Krokida [3] found temperature to be the most important factor in the drying rate, while the velocity and humidity have lesser effects. In that study, the evaluated temperatures were higher (65, 75 and 85 °C). The effective diffusivity (D eff ) was determined using eq. (6) - (7) and the least squares analysis for each experiment. Fig. 2 shows the response surfaces for the effective diffusivity, D eff . Larger effective diffusivities were obtained at lower relative humidities, higher material thicknesses and high air velocities. The desirability function confirms these results. The D eff values were between 2.01E-10 and 4.38E-9 m 2 /s. Doymaz [19] determined the effective diffusivity values for the convective drying of carrots ranged from 7.76E-10 to 9.34E-10 m 2 /s and argues that this variable increases when air flow and temperature are increased ; these are similar to this study's observations (Fig.  2) , which account for the decreased RH at an increased temperature (Table 1) . Kaya et al. [14] also found that decreasing the RH (temperature increase for a closed system) increased the effective diffusivity values. However, Phoungchandang et al. [20] determined that the effective diffusivity values ranged from 8.34E-11 to 2.77E-10 m The p value obtained from the ANOVA for the effective diffusivity, D eff , was less than 0.05 for the regression term. This means that there is a statistically significant relationship between the variables on a 95% confidence level, specifically between the quadratic and interaction terms. The linear terms can be omitted from the model because they would have no significance at this confidence level. This is corroborated by the p-values for the regression coefficients in which only the Modelo second order term (RH * e) was significant and is effectively an interaction. The p value is the specific probability that the observed value of the test statistic, together with all other possible values of the test statistic that are at least as unfavorable as the null hypothesis, will occur [17] . Validation of the model via a residual analysis only happens when the probability curve that shows normal error behavior is observed. Residuals are not far from the line; the variance is homogeneous, and the largest deviation occurred in experiment 9.
The activation energy obtained was 35.50 kJ/mol, and the literature reports activation energies for carrot drying using different equipment and different processing conditions.
According to the energy levels involved and collision theory for reactive molecules, enough energy must be generated to provide the required activation energy and facilitate the reaction. The activation energy itself does not provide information on the reactivity of a given system, only on the temperature dependence of the reaction. Activation Energy activation is also related to the moisture content. The diffusion activation energy increased at lower moisture contents because the interaction between the moisture and solid is generally stronger at lower moisture contents [23] .
Conclusions
All of the thin layer models evaluated could fit the experimental data. The Wang-Singh model exhibited the best fit for the experimental data, based on the criteria of having the highest correlation coefficient (R 
